pharyngeal endoderm, and separate the adjacent pharyngeal arches (Graham, 2003; Graham & Smith, 2001) . The formation of the pharyngeal pouches, which sequentially proceeds in an anterior-toposterior direction, is caused by dynamic folding of the endodermal epithelium ( Figure S1 ) (Graham, 2003; Graham & Smith, 2001 ).
Because the pharyngeal endoderm forms in a simple epithelial tube without a highly ramified architecture, we can consider the morphogenic process that forms pharyngeal pouches to be an example of simple epithelial bending.
During the pharyngeal pouch formation, bending of the endodermal epithelium is initiated as an outward sink of the epithelium in the most posterior region of the pharynx, leading to the formation of a narrow slit-like pouch (Graham, 2003; Graham & Smith, 2001 ).
In the chick embryo, this morphogenesis is carried out by a timely and regional enhancement of epithelial rigidity, which locally constrains an expansion force upon the growing endodermal epithelium (Quinlan, Martin, & Graham, 2004) . Therefore, the control of the mechanical force upon the epithelium is likely to be crucial for the morphogenesis of the pharyngeal endoderm. However, the forcedependent mechanisms involved in pharyngeal pouch formation are totally unknown.
To understand the mechanism of the development of the pharyngeal pouches, we sought to examine mouse embryos defective for Ripply3, a member of the Ripply family. Ripply genes encode approximately 100-amino acid proteins, which commonly possess two distinct amino acid sequences: a highly conserved WRPW stretch and a conserved approximately 50-amino acid stretch called the Ripply homology (RH) domain, the latter interacting with the T-box proteins (Kawamura, Koshida, & Takada, 2008; Kawamura et al., 2005; Kondow, Hitachi, Ikegame, & Asashima, 2006; Kondow, Hitachi, Okabayashi, Hayashi, & Asashima, 2007) .
In mouse embryos, Ripply3 is specifically expressed in the pharyngeal endoderm and ectoderm (Okubo et al., 2011) . We previously showed that Ripply3-deficient embryos fail to develop the pharyngeal arches posterior to the 2nd pharyngeal pouch (Okubo et al., 2011) . However, the molecular and cellular mechanisms by which Ripply3 regulates the morphogenesis of pharyngeal pouches have remained unclear.
To better understand the cellular process mediated by Ripply3, we sought to identify the primary defect observable in Ripply3-deficient mouse embryos. First, by following Ripply3 expression during the formation of the 3rd pharyngeal pouch, we found that Ripply3 expression was correlated with the position where epithelial bending took place.
In addition, precise histological analysis at short-term intervals revealed that Ripply3 was required for the maintenance of a continuous monolayer of pharyngeal epithelial sheets during their bending. Further analyses using Ripply3-deficient embryos and Ripply3-expressing cells in culture supported the idea that Ripply3 promoted maturation of adhesive contacts transmitting mechanical force between the extracellular matrix and the interacting cells. Based on these results, we propose a model in which Ripply3 plays a role for the resistance against the mechanical stress in epithelial bending probably by enhancing the attachment of the pharyngeal endoderm cells to the extracellular matrix.
| MATERIALS AND METHODS

| Mice
This study was performed in accordance with the Guidelines for Animal Experimentation of the National Institutes of Natural Sciences, with approval of the Institutional Animal Care and Use Committee (IACAC) of National Institutes of Natural Sciences (#13A064, #14A037, #15A099, #16A069, #17A060); and all efforts were made to minimize suffering during experimental procedures. Ripply3 knockout mice were generated as previously described (Okubo et al., 2011) .
| Genotyping
PCR genotyping of Ripply3 alleles was done as previously described (Okubo et al., 2011) . The wild-type or Ripply3 mutant alleles were determined by PCR using the following primers (5′ to 3′): Rpy3-geF1, AACCTGAGATCGACTACTGC; Rpy3-geR1, ATCCCTTAAGGTCTGTCTGC; lacZ-F1, TGTTTTGACCGCTGGGATC TGC; and lacZ-R1, CCAGACCAACTGGTAATGGTAGC. Amplification was performed for 30 cycles at 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s with Ex-taq (TaKaRa).
| In situ hybridization
Whole-mount in situ hybridization was performed as described earlier (Yoshikawa, Fujimori, Mcmahon, & Takada, 1997) . The Ripply3 probe was made by using a Dig RNA Labeling Kit (Roche) with pBluescriptIISK-Ripply3 containing a full-length cDNA. For in situ hybridization, mouse embryos, fixed with 4% paraformaldehyde, were hybridized at 65°C and then stained with Anti-Digoxigenin-AP (Roche) and BM purple (Roche). Three embryos at each stage were observed.
| Immunohistochemistry
For paraffin sections, embryos were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned at 10 μm. These paraffin sections were then incubated with antibodies specific for E-cadherin (610182; BD Biosciences). Five wild-type embryos and three mutant embryos at each stage were observed. For cryosections, embryos were fixed in 4% paraformaldehyde, embedded in OCT compound, and sectioned at 14 μm. Cryosections were incubated with antibodies specific for E-cadherin (610182; BD Biosciences), Laminin (L9393, Sigma), activated Integrin β1 (550531, BD Biosciences), PKCζ (sc-216, Santa Cruz), and phospho-Histone H3 (Ser10, Millipore Upstate). These antibodies were used at a 1000-fold or 200-fold dilution. The secondary antibodies used were anti-rat IgG-Alexa Fluor 488, anti-mouse IgG-Alexa Fluor 555, and anti-rabbit IgG-Alexa Fluor 647 (Molecular Probes), and were used at a 500-fold dilution. Three embryos were examined with each primary antibody. For the TUNEL assay, an In Vitro Cell Death Detection Kit-TM-Red was used (Roche) with 3 embryos. Three-dimensional images were visualized by confocal imaging of the mouse embryos cleared by the CUBIC protocol | 89 TSUCHIYA eT Al. (Tainaka et al., 2014) . TCS SP8 confocal microscopy (Leica) was used for the confocal imaging. For 3D reconstruction, software attached to the microscope was used. The 3D images were individually reconstructed from embryos. Statistical analyses were carried out by performing the χ 2 test. Statistical significance was set at p < .001. Error bars indicate the mean ± SEM.
| Electron microscopy
Electron microscopy was performed as described previously (Furuse & Izumi, 2017 in Epon 812, and cut into 100-nm sections with a diamond knife.
Thereafter, they were stained doubly with uranyl acetate and lead citrate and finally examined with a JEM-1011 electron microscope (JEOL Ltd., Tokyo, Japan) operated at an acceleration voltage of 80 kV. 
Ripply3
−/− embryos stained with E-cadherin and laminin antibodies were reconstructed into the 3D images as shown in Figure S4 . Then, a series of coronal planes prepared from these 3D images was obtained. Series of small pictures at the right are coronal images of the pharyngeal region delimited by the white squares in "a" and "b. pharyngeal arch and 3rd pharyngeal arch are labeled as "PA2" and "PA3", respectively. (i-l) TEM analysis of the pharyngeal region of wild-type (i,k) and Ripply3 −/− (j,l) embryos at the 24-somite stage. Magnified images of the area marked with a red square in "i" and "j" are shown in "k" and "l," respectively. Brackets in "k" and "l" indicate the basal side of endodermal epithelial cells. In "j" and "k," endoderm and mesenchymal cells are labeled as "En" and "M," respectively. Note that the extracellular matrix was well developed along the basal side of endodermal epithelial cells in the magnified area of wild-type but not Ripply3
IgG-Alexa Fluor 488 (Molecular Probes). Statistical analyses were carried out by χ 2 test. (Choe et al., 2013) . Therefore, our observation indicates a heterogeneity in the formation of the pharyngeal pouches among vertebrates.
| RESULTS
| Dynamic bending in
Accompanying this complex change in endoderm morphology, the expression of Ripply3 was also dynamically altered (Figure 1g -m, Figure S2 ). As previously described, Ripply3 is expressed according to the morphogenesis of the pharyngeal pouches (Okubo et al., 2011) .
In the development of the 3rd pharyngeal pouch, Ripply3 expression was not detected at the 17-somite stage, when the endodermal bending had not yet occurred (Figure 1g ). However, consistent with the beginning of the bending at the 19-somite stage, Ripply3 expression was observed in the bending epithelium (Figure 1h ). Ripply3 expression expanded posteriorly to the 2nd bending site (Figure 1i,j) , but the expression around this site disappeared after the bending (Figure 1k) . Then, at the 25-somite stage, Ripply3 expression was restricted to the 3rd bending site, at which time the 3rd pharyngeal pouch had formed (Figure 1m ). These results show that Ripply3 was specifically expressed in the bending regions in the pharyngeal endoderm during the development of the 3rd pharyngeal pouch. In these Ripply3 expressing regions, Tbx1 was also expressed ( Figure   S3 ). However, as discussed below, it seemed unlikely that Tbx1 was involved in the bending of the pharyngeal endoderm by associating with Ripply3. To avoid the possibility that the abnormal epithelial morphology was artificially caused by sectioning of the embryos, we precisely examined the epithelial morphology at the 23-somite stage. To this end, confocal images of the epithelial sheet stained with anti-E-cadherin antibody were reconstructed into a 3D-image ( Figure S4 ). Whereas rectangular cells formed a monolayer epithelial sheet structure in the wild-type embryo, this monolayer structure was actually lost in the Ripply3 mutants (Figure 2a,b) . In the mutant embryos, 8% of the endoderm cells did not make contact with the basement membrane (Figure 2c ). These results strongly supported our observation showing that the morphology of the epithelial sheets was in disorder in the Ripply3 mutants.
In addition to the abnormality in the epithelial endodermal sheet, Ripply3 mutant embryos are known to exhibit a severe defect in the morphology of the 3rd and 4th pharyngeal arches, especially in the development of the mesenchyme in these arches (Figure 1l-p; Okubo et al., 2011) . Given that Ripply3 expression was specific to the endoderm during the development of the pharyngeal arches, it seems plausible that the mesenchyme abnormality in the mutant embryo was a secondary consequence of the endoderm defect. Thus, we speculate that improper formation of the pharyngeal endoderm did not provide sufficient space for the development of mesenchymal cells in the presumptive 3rd and 4th pharyngeal arches in these Ripply3 mutant embryos.
| Abnormal epithelial characteristics in the presumptive 3rd pharyngeal pouch in Rippy3 mutant embryos
To examine whether abnormal cell proliferation and cell death may have been involved in the epithelial defect in Ripply3 mutants, we next examined this possibility by immunostaining with anti-phospho Histone H3 antibody (Hendzel et al., 1997) and by performing the TUNEL assay (Gorczyca, Traganos, Jesionowska, & Darzynkiewicz, 1993) , respectively. However, neither of these processes in the pharyngeal epithelium was significantly altered in the mutant embryos at the 18-somite stage, which is almost around the timing when the morphological abnormality was first observed in the mutant (Figure 3) . showed that the structure of the basal membrane was severely disturbed in the mutants at the 24-somite stage (Figure 4i-l) . The basement membrane was severely disturbed in the third pharyngeal arch of the mutant ( Figure S5 ). In addition to the defects in the basal side, the apical localization of PKCζ (Chalmers et al., 2005) was partly disturbed in the Ripply3 mutants (Figure 4g ,h,h′). These results suggest that these abnormal epithelial characteristics were related to the morphological defect of the epithelial sheets in Ripply3-mutant embryos.
Furthermore, among the three markers used in this study, abnormality was first recognized in the staining of activated Integrin β1. Thus, it seems plausible that impaired activation of Integrin β1 subsequently resulted in abnormality in the maintenance of Laminin accumulation at the basal side and PKCζ localization in the apical side in Ripply3 mutant embryos.
| Maturation of the focal adhesion in cultured cells by Ripply3
To 
| DISCUSSION
| The role of Ripply3 in the epithelial bending
In this study, we examined the mechanism of epithelial bending of the pharyngeal endoderm by focusing on Ripply3, which was required for epithelial morphogenesis posterior to the 2nd pharyngeal pouch.
By precisely comparing of the spatiotemporal pattern of Ripply3 expression with the morphological changes in the epithelial structure, we found that Ripply3 was specifically expressed in the bending epithelium. Furthermore, Ripply3 mutant embryos revealed impairment of the normally continuous monolayer of the epithelium at the bending site. Therefore, Ripply3 expression was found to be crucial for the maintenance of the monolayer epithelium during the bending.
In the impaired epithelial sheet, the activated form of Integrin β1, which is important for the association with the extracellular matrix (Wolfenson, Lavelin, & Geiger, 2013) , was not persistently observed. Furthermore, in cultured cells, overexpression of Ripply3 promoted maturation of focal adhesions, whose formation is known to be dependent on the activation of integrin (Wolfenson et al., 2013) .
Although direct evidence is still lacking to show that Ripply3 actually Previous studies showed the requirement of Integrin and
Fibronectin, an extracellular substrate associating with Integrins, for the development of the pharyngeal arches. For instance, in the mouse development, the pharyngeal region corresponding to the pharyngeal arches 3, 4, and 6 is particularly enriched in Fibronectin 1 (Fn1; Chen et al., 2015) . Furthermore, conditional knock-out for Fn1 results in defective formation of the derivatives of the pharyngeal arches (Chen et al., 2015) .
These in vivo findings support the idea that an Fn/Integrin-mediated mechanism regulates the pharyngeal development. In addition, Integrin α5, which forms a receptor for Fibronectin by associating with Integrin β1, is required for the development of pharyngeal pouches in the zebrafish (Crump, Swartz, & Kimmel, 2004) . Although it is uncertain whether the interaction between Fn and Integrin is actually required for the maintenance of a continuous monolayer of the epithelium, the interaction between the extracellular matrix and the attached cells appear to be important for the complexed morphogenesis of the pharyngeal arches.
| Possible link between mechanical stress and the regulation of Ripply3
Our experiments with cultured cells showed that Ripply3 expression enhanced the maturation of the focal adhesions in cultured cells.
Since Ripply3 was also localized to focal adhesions in cultured cells, Ripply3 appears to have functioned as an adaptor protein to bridge components involved in the focal adhesion. Therefore, an increase in Ripply3 expression would promote maturation of the focal adhesions by promoting association between components of the focal adhesion apparatus.
The focal adhesion is the adhesion contact connecting the extracellular matrix to the cytoskeletal organization (Burridge, Fath, Kelly, Nuckolls, & Turner, 1988) . Importantly, this contact transmits mechanical force between the extracellular matrix and attached cells. Until now, a number of cellular mechanisms have been proposed to cause epithelial bending, including apical constriction, which is caused by contraction of actin bundles in the apical side; basal relaxation, in which the bond between the basal side and the extracellular matrix weakens; and cell loss, in which some epithelial cells undergo apoptosis to cause bending (Monier et al., 2015; Sai & Ladher, 2008; Sawyer et al., 2010) . On the other hand, it seems plausible that bent epithelial sheets also require some physical reinforcement of the cells to maintain epithelial structure against the bending. Therefore, our study seems to provide a clue for understanding the mechanism of this reinforcement. To further understand this mechanism, it will be important to identify the proteins associated with Ripply3 in the formation of these contacts.
Previous studies showed that mechanical stress regulates transcription via major signaling pathways (Dupont et al., 2011; Halder, Dupont, & Piccolo, 2012; Ho, Jaalouk, Vartiainen, & Lammerding, 2013) . Cell density, stress fibers/F-actin, and cell morphology regulate phosphorylation of signaling factors and the expression of downstream genes. Since Ripply3 expression was highly correlated with the bending of the epithelium, this the expression may have been induced by the mechanical stress caused by pharyngeal pouch formation. Thus, we can speculate that the physical stress not only changed the morphology of the epithelial sheet but also promoted the establishment of cellular and molecular systems to resist it.
Ripply3 appears to be one of the factors involved in this stressmediated regulatory circuit.
| Possibility of involvement of Tbx1 in the Ripply3-mediated epithelial bending
Previously, we reported that Ripply3 suppresses the transcriptional activity of Tbx1, which is essential for the proper development of the pharyngeal arches. Because Ripply3 expression in the presumptive 3rd pharyngeal pouch region well overlapped Tbx1 expression, it seems possible that the interaction between Ripply3 and Tbx1 would be important for the morphogenesis of the 3rd pharyngeal pouch.
In contrast, several studies show that overexpression of Tbx1 does not cause severe defect in the morphogenesis of the 3rd pharyngeal pouch (Liao et al., 2004; Vitelli, Huynh, & Baldini, 2009) . Furthermore, ourn present study showed that Tbx1 expression did not affect
Ripply3-mediated formation of the focal adhesions in cultured cells.
Thus, we speculate that Ripply3 may function in at least two different manners in the development of pharyngeal pouches, one mediated by Tbx1-dependent transcription and the other, by Tbx1-independent regulation of the attachment between cell and extracellular matrix.
ACKNOWLEDGMENTS
We thank Mr. Osamu Nagata and Ms. Kyoko Furuse for their support of EM analysis, and NIBB Core Research Facilities for technical support. All members of S.T.'s lab. are gratefully acknowledged for their helpful discussions. This work was supported by the following programs: Grants-in-Aid for Scientific Research (B), 23370094
to S.T., and Grants-in-aid for Scientific Research on Innovative
